Abstract. Vacuum freeze-dried aorta is a satisfactory material for blood vessel grafting. Previous studies have focused on immunity, however, vacuum freeze-drying is a complicated process of heat and mass transfer, and adopting a programmed cooling process may more completely preserve the mechanical properties of the blood vessels. Irradiation, as a method of removing pathogens, lowers the antigenic activity of the blood vessels. In our study, vacuum freeze-drying combined with radiation was used as a treatment for porcine aorta prior to grafting, aimed at deactivating endogenous retrovirus, shielding masses of endothelial cells and lowering the immunogenicity of the blood vessels. As for the mechanical properties, compared with normal aorta, the maximum axial tensile stress (ATS) decreased by 20%, the maximum circumferential tensile stress (CTS) increased by 30% and the maximum puncture stress (PT) decreased by 20%. Our results revealed that 2 months after of grafting, the host cells had migrated into the graft tissue and propagated to initiate endothelialization, the inflammatory reaction was abated and the PT had returned to normal levels.
Introduction
As the numbers of cases of cardiovascular disease steadily grow, grafting as a therapeutic method has been demonstrated to be effective, and millions of tissues and organs are demanded (1) . However, as there is a shortage of donor tissues and organs and low graft efficiency, the clinical application of aorta grafting has been restrained (2) (3) (4) . Since the 1980s, a variety of substitutes have been used for aorta grafting. Artificial materials, biomaterials and composites have been tested as substitutes for blood vessels in practical applications and experiments (5-7). Due to rejection, thrombosis, endothelial cell hyperplasia and calcification, they are not very suitable for blood vessels with a diameter <1 cm (8) . Thus, at present, substitutes are not able to completely replace freeze-banked human tissues and organs.
Three requirements for grafting are reduced immunogenicity, preserved vessel structure and mechanical properties, and elevated histocompatibility (9) (10) (11) (12) . Given the variety of fatal diseases that may infect through blood, including AIDS and SARS, the tissue or organ graft should be pathogen-free.
Cryopreservation technologies represent potentially long-term and minimally damaging methods for the preservation of tissues. The conventional cryopreservation of allogeneic blood vessels involving freezing is currently being used clinically, but in vivo studies using these grafts have exhibited poor long-term patency rates due to tissue structure injury and changes in mechanical properties (13) . A suitable method of tissue preservation is urgently required.
With highly structural and functional homology, porcine tissues and organs are used as replacements for human ones, which, to some extent, has eased the situation of a deficit of tissues and organs. Due to calcification and high immunogenicity, the clinical application of porcine material has been limited (14) . A new method of reducing immunogenicity and elevating histocompatibility is required for porcine xenografts.
The current study introduces a process of vacuum freeze-drying combined with radiation treatment for the pre-grafted aorta, aiming at reducing immunogenicity, preserving vessel structure and mechanical properties, elevating histocompatibility and removing pathogenic microorganisms from the allogenetic aorta graft. The tissue structure, Vacuum freeze-drying combined with radiation treatment.
The aortas, ~2 cm in length, were dissected out from the pigs under anesthesia. The isolated aortas were washed with D-Hanks' solution and PBS solution, once each. The aortas were applied to a programmed cooling system as described in our previous study (15) . Briefly, the aortas were cooled to -43˚C at a cooling rate of 1˚C per minute. The aortas were positioned vertically and kept at -43˚C for 1 h. The aortas were then dried at -20˚C for 2 h and at 15˚C for 4 h, while the pressure was kept at 3-10 Pa. The aortas were then put into a sealed and sterile apparatus, irradiated with 20 kGy 60 Co rays for 8 h and preserved at room temperature. Prior to performing follow-up experiments, the dried aortas were immersed in physiological saline for 2 h.
Histological observation. The aortas were fixed in 40 g/l formaldehyde solution for 48 h. Following dehydration using ethanol and xylene, the samples were embedded in paraffin and sectioned at 5 µm. Subsequently, hematoxylin and eosin (H&E) staining was performed.
Immunohistochemistry. The aorta (1 cm in length) was dissected out and then cut into frozen sections at a thickness of 5 µm. The sections were fixed in formaldehyde solution for 1 min. After washing once with PBS solution, the sections were placed into a humidor. The primary antibody (MHC) at a dilution of 1:100 was added to the sections, and PBS solution replaced the primary antibody in the negative controls. The slides were maintained at 37˚C for 1 h. After extensive washing with PBS solution, the secondary antibody (FITC-conjugated rabbit anti-mouse IgG) at a dilution of 1:100 was added to the sections, which were then incubated at 37˚C for another 1 h. Factor VIII staining was performed according to the instructions provided with the factor VIII immuno chemistry staining kit (Beijing TCT Medical Technology, Beijing, China). For CD68 and CD3 staining, the two antibodies and SP staining kit were purchased from Zhongshanjingqiao Biotechnical Co. Ltd (Beijing, China). The sample embedded in paraffin was deparaffinized and hydrated, followed by SP staining according to the instructions provided with the staining kit, and PBS was used as a negative control.
PCR detection. For the detection of the porcine endogenous retrovirus, primers were designed according to the porcine endogenous retrovirus gag protein sequence (GeneBank accession no. AY265811.1). The forward primer was 5'-GCGACCCACGCAGTTGCATA-3' and the reverse primer was 5'-CAGTTCCT TGCCCAGTGTCCTT-3'. The length of the target fragment was 662 bp. The PCR conditions were: 95˚C for 1 min, annealing at 55˚C for 1 min and extension at 72˚C for 1 min. The PCR product (5 µl) was analyzed on a 15 g/l agarose gel and visualized by ethidium bromide staining with UV illumination.
Measurement of mechanical properties. The puncture stress (PT) was evaluated and tensile stress determined by stretching the tissue at a rate of 1 mm/min using a texture analyzer with a 500 N load cell.
Aorta grafting. The pig was subjected to intravenous-inhalation anesthesia prior to surgery. The graft was implanted into the descending aorta. The incision was performed at the fourth intercostal space. Subsequently, two intercostal aortas were ligatured. The blood was blocked between the proximal and distal ends of the descending aorta, and a section of descending aorta was removed, ~2 cm in length. The reconstituted aorta was transplanted by continuous suturing. Following the exhaustion of air, the hemostatic forceps were released. The wound was then staunched and the thorax and lung were washed. Two months after the operation, the implanted blood vessel was dissected out using a similar method to that previously described and the pig was sacrificed.
Statistical analyses. Data are presented as the mean ± SD. Statistical analysis was performed using SPSS 11.0.0, 2001 (SPSS Inc., Chicago, IL, USA). The Student's t-test was performed for the analysis of differences. P<0.05 was considered to indicate a statistically significant result.
Results
Histological observation. We histologically examined the reconstituted aorta treated by the vacuum freeze-drying and radiation method. Compared with the normal aorta which had a regular cell arrangement and well structured intima, the graft exhibited numerous small holes with a fundamentally complete media structure and loosely structured spandex fibres, but lacked intima structure (Fig. 1) .
We also examined the immunogenicity of the reconstituted aorta. A comparison of the signal strengths of the MHC II-positive cells in the normal (0.2984±0.0121) and reconstituted aorta (0.0748±0.0087) revealed that the reconstituted graft had significantly lower immuno genicity than normal aorta (P<0.01; Fig. 2) .
To investigate the endogenous retrovirus deactivating effect of the vacuum freeze-drying and radiation method, we analyzed the samples by PCR. Pre-viral DNA was undetectable in the vacuum freeze-drying and radiation treatment Figure 1 . Longitudinal sections of aorta stained with hematoxylin and eosin (H&E). Normal aorta at magnifications of (A) x400 and (C) x200. The reconstituted aorta treated by vacuum freeze-drying and radiation at magnifications of (B) x400 and (D) x200. group, but was detected in the normal aorta and vacuum freeze drying treatment groups and in the porcine endogenous retrovirus C genome which served as a positive control (Fig. 3) .
Next, we measured the mechanical properties of the reconstituted aorta. Compared with normal aorta, the maximum axial tensile stress (ATS) decreased by 20%, the maximum circumferential tensile stress (CTS) increased by 30% and the maximum PT decreased by 20% (Fig. 4) .
To investigate the validity of the vacuum freeze-drying and radiation method, aorta grafting was carried out. After the surgery, without using any drugs, abnormal behavior and disease were not detected. Two months after the operation, when the grafts were dissected out, no particular abnormalities were observed. Histologically, clear intima, media and adventitia had formed, endothelial cells had almost covered the inner wall of vessel, and a great number of host cells had migrated into the intima and adventitia in which a small number of inflammatory cells also had migrated (Fig. 5A) . Factor VIII staining was performed to distinctly visualize the well-developing host endothelialization (Fig. 5B) . Staining for CD68 (a marker for macrophages) and CD3 (a marker for T lymphocytes) was performed to measure the inflam matory reaction level. The CD68 and CD3 positive lymphocytes were present at very low levels within the adventitia, indicating that the graft lacked immunogenicity (Fig. 5C and D) . The PT of the grafts was similar to that of normal aortas (Fig. 6 ).
Discussion
The antigenicity of the blood vessel exists in the endothelial cells which are the first point of contact between the recipient and the donor tissue and the first to be recognized by the immune system (16, 17) . It has been reported that certain parts of the MHC antigenic determinant may be blocked by lyophilization treatment, reducing immunogenicity (18) . A murine grafting study revealed that the levels of MHC I and MHC II antigens decreased by 70% following lyophilization (19) . The results of the current study reveal that the vacuum freeze-drying and radiation treatment reduced the MHC II level by 75%. Furthermore, two months after the grafting procedure, only a small number of CD68 or CD3-positive cells were visualized, revealing a low level of inflammatory reaction. This indicates that the vacuum freeze-drying and radiation method may serve as an effective tool for reducing immunogenicity.
It is not clear whether that the intima was required in grafting. In a previous study, the intima of the human heart valve has been demonstrated to be unnecessary in allografts (20) . Our study demonstrated that although the intima could not be identified in the reconstituted aorta, two months after the grafting the intima had re-endothelialized. Although the reconstituted aorta was in a loose condition, and its mechanical properties had altered, two months after grafting the cells of the graft had rearranged; new intima, media and adventitia had formed and endothelial cells had almost covered the inner wall of the vessel. The structure had nearly returned to that of normal aorta. Moreover, the PT of the graft had already returned to a normal level.
During the two months of the experiment, abnormal behavior and diseases were not detected. No marked size change was observed by the unaided eye when the graft was withdrawn. Hence, the reconstituted aorta may meet the requirements for grafting.
The effects of thermal stress on blood vessels during cryopreservation have already been carefully studied (21) (22) (23) . Since a fast cooling rate generates higher thermal stresses, the cooling rate greatly affects the thermal stress in the blood vessel during the cooling process. Therefore, a low rate cooling process is required during cryopreservation. In this study, we developed a new cooling process suitable for vessel grafts.
Decades ago, the porcine aorta was first utilized as a replacement for human aorta, but the immunogenicity of the graft and the presence of the porcine endogenous virus limited its clinical application (24, 25) . The porcine endogenous retrovirus has been reported to have the ability to infect various human cell lines (26) , therefore our study aimed to provide a new perspective on xenografts.
In conclusion, we have introduced a vacuum freeze-drying and radiation method for the pre-grafting treatment of porcine aorta, aimed at reducing immunogenicity, preserving vessel structure and mechanical properties, elevating histocompatibility and removing pathogenic microorganisms. In further studies, we propose to combine a decellularizing technique with the vacuum freeze-drying and radiation method to remove the cell debris which may cause calcification in xenografts (27) .
